Skeletal muscle power: a critical determinant of physical functioning in older adults. Exerc. Sport Sci. Rev., Vol. 40, No. 1, pp. 4Y12, 2012. Muscle power declines earlier and more precipitously with advancing age compared with muscle strength. Peak muscle power also has emerged as an important predictor of functional limitations in older adults. Our current working hypothesis is focused on examining lower extremity muscle power as a more discriminant variable for understanding the relationships between impairments, functional limitations, and resultant disability with aging.
INTRODUCTION
The prevention or postponement of mobility limitations for the aging population is of major public health importance. Mobility, the ability to move without assistance, is critical for maintaining independent functioning. Limitations in mobility, typically defined as difficulty in performing physical tasks, such as walking one-quarter mile, climbing a flight of stairs, or rising from a chair, are indicative of a marked decline in functional health (35) . With persons aged 60 yr or older representing the fastest growing segment of the worldwide population, there will continue to be a corresponding increase in the prevalence of mobility limitations. Improved knowledge of the specific physiological mechanisms that mediate impairments in physical functioning will be crucial for developing effective therapeutic interventions for preserving mobility and independence among older people.
According to the disablement model, impairment refers to a loss or abnormality at the tissue, organ, and body system level (35) . At an individual level, impairments can progress to functional limitations and to subsequent disability. Although a large number of studies have established the role of muscle strength (the ability to generate maximal muscle force) as a proximal determinant of functional limitations in older adults, skeletal muscle power (the product of the force and velocity of muscle contraction) has been shown to decline earlier and more rapidly than muscle strength with advancing age (1) . The underlying physiological mechanisms that contribute to this reduction in muscle power output among older adults include a quantitative decline in muscle mass (sarcopenia), changes in muscle composition, muscle quality (reduced muscle strength per unit muscle mass), individual muscle fiber contractile properties, and alterations in neuromuscular function (1, 24) .
Our current working hypothesis is focused on examining lower extremity muscle power as a more critical variable in understanding the relationship between impairments, functional limitations, and resultant disability ( Fig. 1 ). This review article will summarize studies from our research group that have identified peak muscle power as a more influential predictor of functional performance in older adults compared to muscle strength. We also will describe recent evidence from our work investigating the underlying physiological determinants of skeletal muscle power impairments among elders with overt mobility limitations. Finally, we will describe novel therapeutic interventions targeted at restoring muscle power in older individuals.
Dynamic muscle strength typically represents the greatest load lifted during a 1RM testing protocol. Muscle strength also can be assessed reliably using isokinetic or isometric dynamometry. Since the 1990s, peak skeletal muscle power has been examined as an outcome variable distinct from muscle strength. Additional methods that have been developed to assess lower extremity muscle power in older individuals include vertical jump on a force platform, unloaded leg extensor power evaluation and isokinetic dynamometry. Evaluation of muscle power output using lower extremity pneumatic resistance training equipment has emerged as an accurate and valid muscle power assessment modality, particularly as this methodology reliably can capture the force and velocity components of muscle power output (18, 30) . A recent systematic evaluation of this methodology demonstrated that peak power assessment with a multiple attempt protocol using pneumatic resistance equipment yields significantly higher performance and better reliability than protocols involving a single attempt at varying external resistances on pneumatic equipment in older adults (11) . This multiple attempt protocol maximizes the achievement of maximal contraction velocity and subsequent maximal muscle power output and is feasible for the assessment of lower extremity muscle power in frail older populations.
LOWER EXTREMITY MUSCLE POWER AND FUNCTIONAL PERFORMANCE
The seminal investigation by Bassey and coworkers (2) examined the contribution of muscle power to various functional tasks in frail institutionalized elders and demonstrated that leg extensor peak power was predictive of chair rise performance, stair climbing, and gait speed. Foldvari et al. (19) further explored the relationships between muscle power, muscle strength, and other physiological factors relevant to functional independence among 80 elderly communitydwelling women with self-reported disability. Peak muscle power (r = 0.47) was superior to muscle strength (r = 0.43) and aerobic capacity (r = 0.40) in determining functional status and independently predicted functional dependency even after accounting for additional neuropsychological and health status indicators.
In a similar population of elderly women with self-reported limitations in function, Suzuki et al. (34) compared the respective associations between muscle power and strength on performance-based functional tasks such as the length of time necessary to rise from a chair 10 times or to ascend a flight of stairs as fast as possible. Compared with muscle strength, muscle power of the ankle flexors was a stronger predictor of chair rise (r = 0.58 vs 0.32) and stair climb performance (r = 0.49 vs 0.37). Furthermore, muscle power remained an independent predictor of functional performance in multivariate analyses after accounting for muscle strength and additional self-report measures of health status and physical functioning.
It is important to note that inherent limitations may be associated with the ascertainment of self-reported functional status and level of mobility-disability, as older adults may underestimate or overestimate their functional capabilities. To overcome this bias, standardized and objective tests of physical performance, such as the Short Physical Performance Battery Test (SPPB), have been developed (22) . The SPPB has been validated in large-scale epidemiological studies and offers additional advantages over self-report measures of functional status in terms of applicability and reproducibility. The SPPB characterizes lower extremity function using timed measures of standing balance (side-by-side stand, tandem and semi-tandem positions), gait speed (timed 8-ft walk), and lower extremity strength (timed test of five chair rises). Scores obtained on a 12-point summary scale indicate a gradient of functional decline that is highly predictive of subsequent mobility-related disability, institutionalization, and mortality (22) . In the majority of recent trials that have enrolled mobilitylimited older adults, participants were classified as ''mobilitylimited'' if a SPPB summary performance score of 9 or lower was obtained (4, 6, 7, 14, 15, 26) .
Many of the more recent studies examining the relationship between muscle power on functional performance in older adults have used the SPPB as study eligibility criteria or as a study outcome measure (4, 7, 14, 15, 29) . Bean et al. (5) examined the relative contribution of muscle power and strength on various measures of physical performance among community-dwelling older men and women with objective mobility limitations. Compared with muscle strength, leg power consistently explained a greater proportion of the variance (2%Y8%) on all measures of physical performance (stair climb and chair stand performance, gait speed, and the SPPB) assessed in these mobility-limited participants. Bean et al. (9) replicated these observations in a large cohort of 1032 older adults from the Invecchiare in Chianti (InCHIANTI) study and demonstrated that impairments in muscle power were more influential proximal determinants of mobility performance than impairments in muscle strength. Older adults with low muscle power output had a twofold to threefold greater risk of significant mobility impairments compared with individuals with low muscle strength.
The independent influence of the velocity component of muscle power and functional performance has been established by several important studies. Compared with muscle strength, contraction velocity of leg extensors has been shown to be a stronger predictor of performance on lower intensity functional tasks such as habitual walking speed (r 2 = 0.18 vs 0.06) (33). Cuoco and colleagues (15) investigated the relationship between peak muscle power generated at high (40% 1RM) and low (70% 1RM) contraction velocities on functional performance in older men and women with mobility limitations. Power output at 40% 1RM explained more of the variability in habitual gait velocity than did peak power at 70% 1RM (59% vs 51%) and consistently accounted for higher respective percentages of the variance in other functional tasks such as chair rise performance (28% vs 24%) and stair climb performance (43% vs 42%). More recently, Mayson and coworkers (26) further illustrated the importance of muscle contraction velocity on balance performance. Among community dwelling older adults with mobility limitations, higher leg press contraction velocity (generated at 40% 1RM) was associated with better performance on several composite measures of balance that are predictive of falling. In the same study population, contraction velocity was shown to be predictive of mobility (7) . Higher contraction velocity also was associated with higher SPPB status and superior in predicting mobility performance compared with traditional rehabilitative impairments such as aerobic capacity and obesity. This investigation also highlighted the emergence of limb contraction velocity as an important rehabilitative impairment and specific target for therapeutic intervention.
PHYSIOLOGICAL DETERMINANTS OF MUSCLE POWER AND MOBILITY LIMITATIONS WITH ADVANCING AGE
As muscle power is the product of force and contraction velocity, factors that lead to a reduction in either of these parameters, or both, will contribute to reduced muscle power output. Decrements in muscle power production with advancing age can be attributed to well-described changes in muscle quantity and quality. Such factors include a quantitative loss of muscle mass and alterations in the properties of individual muscle fibers, in particular, the selective reduction in the number and size of Type II muscle fibers with advancing age, which have the ability to generate four times the power output of Type I fibers (24) . Additionally, muscle power loss in older adults is influenced by increases in muscle fat infiltration, changes in neuromuscular function, muscle architecture, alterations in hormonal status, protein synthesis, and inflammatory mediators (1, 24) . However, among older adults with mobility limitations, a paucity of information exists on the specific underlying physiological mechanisms that contribute to the loss of muscle power. To address this important gap in knowledge, our research group has conducted several recent investigations to quantify the major physiological determinants of muscle power production with advancing age in healthy and mobility-limited elders.
CHANGES IN MUSCLE MASS AND QUALITY
Reid et al. (31) performed a comprehensive cross-sectional assessment of the major physiological mechanisms contributing to muscle power deficits within three distinct populations: healthy middle-aged adults (È47 yr), healthy older adults (È74 yr), and older adults with mobility limitations (È78 yr). In using this experimental design, the authors attempted to examine differences in muscle power generation within a specific age range to capture the key factors that contribute to muscle power deficits and mobility limitations in older adults. Mobility-limited elders had significant reductions in lower extremity muscle power compared with healthy middle-aged (j95%) and healthy older participants (j65%). Corresponding differences in muscle mass also were quantified using computed tomography, with mobility-limited elders possessing significantly lower muscle mass compared with healthy middle-aged subjects (j25%) and healthy older participants (j13%). The magnitude of the discrepancy between the reduction in muscle power and muscle size indicates that other factors, distinct from muscle atrophy, are major contributors to the reductions in muscle power output among mobility-limited participants.
To date, no studies have examined the longitudinal changes in muscle mass among mobility-limited older adults. However, in relatively healthy older subjects, previous studies have reported a significant reduction of 14.7% in thigh muscle cross-sectional area after a 12-yr follow-up period (mean initial age, 65 yr) and a 5.6% reduction after a 9-yr follow-up period (mean initial age, 71 yr) (20) . Goodpaster et al. (21) examined the longitudinal changes (È3 yr) in muscle mass among 1880 relatively healthy older adults in the Health, Aging and Body Composition Study (mean initial age, 73.5 yr; range, 70Y79 yr). In this cohort, annualized rates of muscle massdecline were approximately 2% per year. This investigation also noted that the decline in muscle performance (muscle strength) was, on average, threefold higher than the loss of muscle mass over this period, suggesting a decline in muscle quality. Reid et al. (31) also quantified indices of muscle quality (muscle strength and power normalized to muscle cross-sectional area) and reported significant differences in specific leg extensor muscle power among the mobility-limited participants, whereas no differences were evident for measures of specific muscle strength across the three study groups evaluated. The similarities in specific strength in this investigation suggested that the preservation of muscle strength with aging has greater dependence on the maintenance of muscle mass, whereas the impairments in muscle power among elders with mobility limitations may develop independently of muscle atrophy with advancing age.
SKELETAL MUSCLE CONTRACTILE PROPERTIES
The examination of single muscle fiber properties can quantify directly the contractile elements of muscle cells, without the potential confounding effects of factors such as neural influences or muscle architecture. Several studies have shown that single muscle fiber contractile function may be preserved in older adults despite the presence of significant reductions in whole muscle size and composition (20) . However, these previous studies have been limited by small sample sizes and typically have included relatively healthy and physically active older subjects. We recently evaluated intrinsic single fiber properties in 34 mobility-limited elders with significant deficits in leg extensor muscle power, mid-thigh muscle size, and composition (31) . It was evident that the surviving muscle fibers in the mobility-limited elders partially compensated for the major agerelated losses at the whole muscle level through maintenance and preservation of single muscle fiber size and contractile function. These findings are consistent with previous studies suggesting that surviving fibers compensate partially to correct deficits at the whole muscle level in an attempt to maintain optimal force-generating capacity (20) .
NEUROMUSCULAR ACTIVATION
Neuromuscular activation impairments may impact movement velocity and muscle coordination, leading to a reduction or a longer time to reach peak force and, thus, a decline in muscle power generation. In two recent investigations, we have defined operationally neuromuscular activation as the process by which the nervous system produces muscular force through recruitment and rate coding of motor units (13, 14) . Clark et al. (13) delineated the relationship between the neuromuscular system and muscle power generation within older adults with mobility limitations, healthy middle-aged adults, and healthy older adults. Using surface electromyography (EMG) on the quadriceps and hamstring musculature during maximal isokinetic dynamometry testing, mobilitylimited elders demonstrated significant impairments in torque, power, and agonist muscle activation, with the greatest deficits elicited at the fastest movement velocities (Figs. 2 and 3) . In addition to deficits in neuromuscular activity, Clark and colleagues (14) also demonstrated reductions in the rate of neuromuscular activity and impaired acceleration during dynamic leg extensions in mobility-limited elders. Premovement time (i.e., duration between EMG onset and movement onset) and the rate of EMG rise (duration and relative amplitude of muscle activation) were impaired markedly in mobility-limited older adults during maximal power testing compared with healthy middle-aged adults and healthy older adults. This investigation also reported a significant positive association between SPPB score and rate of EMG rise (r = 0.56) among the older participants. Taken together, these studies suggest that impairments in the neuromuscular system may be a major physiological mechanism contributing to muscle power deficits and mobility limitations with advancing age.
RESISTANCE TRAINING INTERVENTIONS TO RESTORE MUSCLE POWER IN OLDER ADULTS
Early studies evaluating whether resistance training interventions could increase lower extremity muscle power in older individuals reported minimal improvements. This primarily was because the traditional resistance training interventions used were performed at relatively slow velocities, thus lacking the training specificity to improve peak muscle power within these populations. However, recent randomized trials designed to maximize muscle power output generally have demonstrated that high velocity power training is feasible, well tolerated, and effectively can improve lower extremity muscle power in healthy older men and women, older women with self-reported disability (18, 25) , older adults with mobility limitations (30) , and in women older than 80 yr (12) . This distinct type of resistance training is characterized by participants performing the concentric phase of each repetition as fast as possible.
Earles et al. (17) reported a 50%Y141% increase in leg power after 12 wk of high-velocity resistance training in combination with moderate-intensity nonresistance exercise compared with a structured walking program in older men and women. Fielding et al. (18) examined high-velocity lower extremity resistance training compared with traditional slow velocity resistance training in older women with self-reported disability. After 16 wk of training, they observed an 84% greater increase in leg press power in the high-velocity training group compared to the low-velocity group.
The comparative effects of 12 wk of high-velocity resistance training and traditional strength training on lower extremity muscle power were evaluated in 45 older adults with self-reported mobility limitations (25) . Improvements in knee and leg extensor muscle power after high-velocity power training were approximately twofold greater compared with gains in muscle power as a result of strength training. Among older adults with mobility limitations, a 12-wk high-velocity resistance training intervention increased lower extremity muscle power (È25%), although these gains were comparable to improvements resulting from traditional slow velocity strength training in this population (È21%) (30) . However, in this study, high velocity training was associated with significantly greater improvements in specific leg extensor muscle power (46%) compared with the induced gains from traditional strength training (20%).
Although all of the aforementioned studies used highvelocity resistance training coupled with relatively high external resistances (È70% of 1RM), only one study to date has examined high-velocity training at varying external resistances. de Vos et al. (16) examined changes in leg power in response to 12 wk of high velocity resistance training in healthy older adults randomized to one of three different external resistances: 20% 1RM, 50% 1RM, or 80% 1RM. Peak power output improved similarly (14%Y15%) across all training intensities, suggesting that power output can be increased with high-velocity training at low and high external resistances. In addition, this study demonstrated a dose-response relationship between the respective training intensities and concomitant improvements in muscle strength (20%) and muscle endurance (185%) elicited when using the highest loading intensity (80% 1RM). Simultaneous improvements in strength and endurance aspects of muscle performance, in addition to muscle power improvements, are likely to play an important role in preserving functional performance in older adults. More recently, 12 wk of explosive heavy resistance training, with a loading intensity of 75%Y80% 1RM, demonstrated substantial improvements in muscle power (28%) and marked gains in rapid muscle force-generating characteristics in healthy older woman aged 80Y89 yr (12) .
IMPACT OF MUSCLE POWER TRAINING ON PHYSICAL FUNCTION
A number of randomized trials have evaluated the effect of power training interventions on changes in physical functioning in older adults (Table) . The majority of these FIGURE 3. Absolute activation (thick black lines) and activation corrected for subcutaneous adipose* (thin gray lines provided for agonist muscles only) plotted against movement velocity. Activation was assessed from quadriceps and hamstring muscles using surface electromyography. Agonist activation amplitude for each muscle was higher in middle-aged healthy adults and older healthy adults compared with older adults with mobility limitation. Furthermore, both middle-aged healthy and older healthy demonstrated significant positive associations between activation amplitude and velocity, whereas older mobility-limited subjects did not. *Electromyography data were corrected because of the recognized signal attenuation caused by subcutaneous adipose tissue. (Reprinted from (13) . Copyright * 2010 Oxford University Press. Used with permission.) studies compared the effects of high velocity resistance training with conventional strength training or control interventions on functional outcomes.
Sayers et al. (32) evaluated 16 wk of high-velocity power training in older women with self-reported disability and noted modest improvements in dynamic balance and stair climbing performance after large improvements in muscle power. However, equivalent improvements in functional performance were observed in the group randomized to traditional resistance training. Similarly, Henwood et al. (23) also compared high-velocity varied resistance training to strength training on functional performance in healthy older adults. They demonstrated similar improvements in muscle power with both training protocols after a 24-wk intervention period. These gains also were accompanied by better performance on several functional measures, including stair climb and chair rise time, although the magnitude of these improvements were not different between intervention groups.
Two power training intervention studies have demonstrated that high-velocity resistance training is associated with greater improvements in functional performance compared to conventional strength training. Among older adults with low muscle power, 16 wk of high-velocity power training elicited significant improvements in a battery of whole body functional performance tasks (27) . These gains were significantly greater than those elicited after a corresponding program of traditional strength training (27) . Similarly, Bottaro et al. (10) also reported that 10 wk of high-velocity resistance training significantly improved several functional performance measures after modest improvements in leg muscle power in sedentary older male subjects. An intervention of traditional resistance training had no effect on the functional parameters assessed in this study.
Orr et al. (28) reported improvements in measures of dynamic balance in high functioning older men and women randomized to 8Y12 wk of high-velocity resistance training compared with an inactive control group. Power training performed at low intensity (20% of 1RM) was associated with the greatest improvements in balance performance compared with training performed at 50% and 80% of the 1RM. A 12-wk program of high-velocity resistance training resulted in a 22% increase in leg power with a corresponding increase of 20 m in total distance walked during the 6-min walk test and a 0.7 unit increase in SPPB score in healthy older adults (17) . These improvements in function were greater than those elicited from a self-paced walking program. A 20-m improvement in 6-min walk time and a respective 0.5 and 1.0 unit increase in SPPB score correspond to clinically meaningful and substantial improvements in physical performance measures among older adults (29) .
Several studies have evaluated different types of exercise interventions that did not depend on specific resistance training equipment or isokinetic dynamometry but emphasized explosive power. These have included modified weighted stair climbing and weighted vest exercise. Bean et al. (3) compared 12 wk of a weighted stair climbing program to a walking program in older adults with baseline mobility limitations. They reported that the stair climbing intervention increased leg power by 17% with a corresponding 12% increase in stair climbing power. Significant improvements in stair climb time and SPPB scores were observed, although these gains were not statistically greater compared with those observed after a walking intervention. In older women with mobility limitations, the same investigators also examined the effects of a program of weighted vest exercise performed at a high velocity (Increased Velocity Exercise Specific to Task (InVEST)) compared with a program of upper and lower body chair-based exercises performed at slow velocity (4) . Lower extremity power and chair rise time increased to a greater extent after InVEST compared with the slow velocity program. InVEST training also was associated with substantial increases in SPPB scores and gait speed (29) . More recently, Bean and colleagues (8) compared the effects of a 16-wk program of InVEST training with a progressive resistance training program advocated by the National Institute on Aging among mobilityimpaired older adults. InVEST training elicited significantly greater gains in limb muscle power compared with the conventional program. Substantial improvements in SPPB scores and self-reported function also were induced after InVEST, although these improvements were not significantly greater than the traditional resistance training program. In a secondary analysis of this study, Bean et al. (6) used multivariate regression models to delineate how the changes in leg power were significantly and independently associated with the clinically meaningful differences observed in SPPB and gait speed.
In summary, several carefully conducted randomized trials have demonstrated that high velocity resistance training is more effective for improving muscle power compared with traditional slow velocity training. In general, this type of power training is safe and well tolerated even in mobilitylimited older adults and persons older than 80 yr. However, the efficacy and feasibility of high-velocity power training in older adults with chronic conditions, such as osteoarthritis and osteoporosis, have yet to be fully determined. There is now clear evidence that short-term interventions of highvelocity resistance training and other more practical power training modalities using weighted vests can induce substantial improvements in physical functioning and restore mobility in frail older adults. Studies with larger sample sizes are needed to clearly establish whether high velocity power training is more effective for enhancing functional outcomes in older adults. Additional studies also are needed to elucidate the longer term benefits of power training in older adults, specifically for maintaining active life expectancy, preventing falls, and maintaining mobility into old age.
CONCLUSION
Muscle power is a more discriminant predictor of functional performance in older adults than muscle strength. A distinct biological basis for the precipitous decline in muscle power with aging has yet to be determined. However, additional research should attempt to elucidate the interrelationships between impairments in muscle power, the neuromuscular system, muscle contraction velocity, and the onset of mobility limitations with advancing age. Exercise interventions targeted at improving lower extremity muscle power have been well tolerated, and are safe and effective even among frail older adults. Improvements in muscle power are greater with resistance training interventions that emphasize high versus low contraction velocity. In addition, there is emerging evidence that higher velocity lower intensity resistance training, and several types of exercise programs performed at high velocity, can improve physical functioning in older adults to a greater extent than traditional slow velocity resistance training.
